Abstract. Laser brazing with Ti as an active element in Ag-Cu alloy braze metal has been successfully applied to dissimilar joining of h-BN and WC-Co alloy in Ar (99.999% purity) gas flow atmosphere without any evacuation process. Good wettability of the braze metal with h-BN and WC-Co alloy were confirmed by the observation and structural analysis of the interface by electron probe micro-analysis and scanning acoustic microscopy. The oxidation of titanium was not observed and this showed that the laser brazing with titanium as an active element in braze metal could be performed even in an Ar gas flow atmosphere without an evacuation process using a high-vacuum furnace.
Introduction
The brazing process is used in many industrial fields for developing engineering structures and electronic devices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . This process has several advantages making it suitable for use in joining dissimilar materials and materials which are difficult to connect precisely; further, this process can be efficiently applied to the mass production of structures and devices. For the application of ceramic materials, it is frequently required that a ceramic material be bonded to metals. Moreover, the development of high-functionality products in recent years has led to a demand for a new joining process that can join different materials. However, certain problems are encountered while meeting the above requirements, such as the formation of joint defects due to thermal stress in the joint field and material deterioration due to heating in the brazing process.
Boron nitride has various functional characteristics. Especially, h-BN has a good thermal resistibility and solid-lubrication [14] . Meanwhile, it is difficult to braze h-BN to another material because of its low wettability. As a result, it is difficult to braze hexagonal boron nitride ceramics to other materials. Because wettability of a material affects joining characteristics, it is speculated that brazing of hexagonal boron nitride ceramics may be suitable to demonstrate laser brazing of dissimilar materials such as ceramics and a metal.
In general, the thermal expansion coefficient of a metal is higher than that of ceramics; this may result in the generation of a large thermal stress at the brazing joint, which leads to the formation of defects at the interface [15] . Tungsten carbide / cobalt alloy made by powder metallurgy has a low thermal expansion coefficient and high rigidity, which is a good complement as a structural material to ceramics. However, only a few studies have focused on the joining of boron nitride and tungsten carbide alloy or other metals [5, 8, 10] by brazing in a furnace that needs a long heating time.
Among brazing processes [16] , laser brazing [10, 11, 13, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] has good characteristics for a dissimilar joining process because of the possibility of short heating time and small heating area, and suppression of damage to the base materials without a furnace, in comparison with conventional furnace brazing.
Recently, laser brazing with the addition of Ti as an active element in Ag-Cu alloy braze metal has been successfully applied to dissimilar joining of h-BN and WC-Co alloy after the evacuation on the order of 10 -1 Pa and Ar (99.999% purity) substitution to avoid oxidation of the active element of Ti [12] , but a more simplified method without evacuation is needed for the practical use of dissimilar laser brazing. So this study describes the dissimilar laser brazing of h-BN and WC-Co alloy without an evacuation process and the characteristics of a dissimilar joint, and in order to investigate the characteristics of the dissimilar joint, cross-sectional observation, elemental and structural analyses of the joint interface, adhesion evaluation, and shear strength measurement were performed.
Experimental procedures
Commercially available tungsten carbide equivalent material classified with ISO K10 grade and highpurity h-BN made by the hot pressing method without using sintering additives were used in this work. Silver-copper-titanium alloy braze metal sheet included Ti as a major active ingredient for direct ceramic brazing with a thickness of 0.1 mm. Nominal compositions and properties are summarized in Tables 1 and 2 . The size of the braze metal sheet was determined to cover 80% of the joint area of h-BN so that the melted braze metal would not flow out of the joint. Before brazing, the h-BN block, braze metal and tungsten carbide plate were degreased by ultrasonic agitation for 10 min in acetone and dried in air. Sample configuration was a top hat shape. A braze metal sheet was sandwiched with an h-BN block from the top and a tungsten carbide plate from the bottom in a vacuum chamber. A low pressure of 1.2 MPa was applied to prevent the workpiece from moving when the braze metal sheet was melted, and no gap adjustments for the joint were performed. A chamber with a 100 mm diameter was used in the brazing experiments, which had inner volume 145 ml. To avoid the oxidation of Ti, 99.999% purity Ar was flowed during laser brazing at a rate of 10 L/min without evacuation of the chamber. The setup of laser brazing was as shown in Figure 1 . In (a), a perspective illustration is shown, and in (b), a cross-sectional illustration is shown to describe the schematic diagram of laser brazing. The sample was located in a small vacuum chamber. The topside of the specimen was covered with a transparent quartz glass plate, which also acted to fix the specimen. The generated YAG and LD lasers were transferred with an optical fibre to the laser head unit and radiated through the transparent quartz glass plate to the topside of the tungsten carbide plate, with a radiation angle of 85°. Laser scanning of the tungsten carbide substrate was performed around the h-BN block. The laser brazing condition is summarized in Table 3 . The scanning speed of laser was 0.6 mm/s on the first run and 1.0 mm/s on the second run to the fourth run in order to heat the specimen efficiently in a circular manner. In this study, the laser scanning was performed on the tungsten carbide substrate around the h-BN block. Temperature during laser brazing was monitored at the bottom of the tungsten carbide plate using a thermocouple. Some of the samples were subsequently cross sectioned by a low-speed diamond saw with water cooling and mounted by epoxy resin, curing at room temperature for about 8-10 h, ground using SiC paper #120-#1200, and polished by 3 to 1 μm polycrystalline diamond to provide microstructural information. Cross-sectional observation and elemental analysis of the interface were performed using an electron probe micro-analyzer (JEOL Co. Ltd. JXA-8230) and an X-ray diffractometer (Bruker AXS Co. Ltd. D8: Co Kα). The diameter of the collimator was 50 μm, to determine crystallographic phase of the micro-region. Interfacial observation and estimation of the interface area were performed using a scanning acoustic microscope (Hitachi Kenki FineTech Co., Ltd. HSAM220), which can observe interfacial structure using ultrasonic echo radiated from the probe in a water tank. Some of the samples were placed in a shearing jig as shown in Figure 2 and stressed to destruction in a precision universal tester (Shimadzu Cooperation Autograph AGS-5kNB) operating at a crosshead speed of 0.5 mm/min. In order to compensate the effect of interfacial area on the shear strength test, shear strength was calculated from the maximum load divided by the interface area estimated from scanning acoustic microscopy, and its average shear strength was calculated using the Weibull distribution function [31, 32] :
where F is the cumulative failure probability, m is the Weibull modulus, and σ 0 is the characteristic strength. In this paper, the median rank method was used for computing cumulative failure probability F in Eq. (1) because of its good reliability despite the small number of samples:
where i is the rank of the observation and n is the number of samples. Average shear strength is as follows:
where the Γ function is expressed as follows. Figure 3 shows the typical profile of the bottom temperature of the WC-Co plate during laser brazing joining. The increase of temperature continued in approximate proportion to the gradient until irradiation of the laser on the fourth side. The maximum bottom temperature was around 900 K. After the heating, the bottom temperature decreased quickly to 620 K within 25 sec from the end of the fourth run of heating.
Results

Heating profile and appearance of a specimen
The maximum bottom temperature of the WC-Co alloy in this case was about 70 K lower than that of the case at the Ar gas flow rate of 5 L/min with an evacuation process [12] , but both temperature profiles showed a similar trend. Figure 4 (a) and (b) shows the appearance of the specimen and the scanning acoustic microscopy image at the interface of h-BN / Ag-Cu-Ti braze metal / WC-Co, respectively, after laser brazing. In (a), the white part of the square in the centre is an h-BN block, and the peripheral metallic lustre part is WC-Co. At the right side in (a), a Ag-Cu-Ti braze metal lump, which occasionally flowed out from the interface between h-BN and WC-Co, as indicated by a white arrow can be seen, and its colour kept a metallic lustre, which showed that a large amount of titanium oxide did not exist at the surface of the braze metal. The black area in the centre of (b) is Ag-Cu-Ti braze metal which was melted at the joint interface and no void was observed in the joint interface. Figure 5 shows a typical cross-sectional SEM image at the interface of h-BN / Ag-Cu-Ti braze metal / WC-Co after laser brazing. The upper right side is h-BN and lower area is the WC-Co alloy plate. The gray layer between h-BN and WC-Co is Ag-Cu-Ti braze metal. As an active element in Ag-Cu alloy braze metal, Ti reacted with N in h-BN, and a continuous TiN layer was formed at the interface, which improved the wettability between ceramics and braze metal. Also, Ti reacted with C in WC-Co, and a continuous reaction layer was formed at the interface between braze metal and WCCo. These results reveal a similar tendency to the former study with evacuation process [12] . Therefore, these observations are addressed in the former study [12] . Figure 6 shows cross-sectional SEM observation of an edge of the h-BN / Ag-Cu-Ti braze metal interface and its map analysis using electron probe micro-analysis. In (a), the upper left area is h-BN as indicated, the lower whitish area shows the Ag-Cu-Ti braze metal, the upper right area is epoxy resin which is used to mount the specimen and there is a space between the Ag-Cu-Ti braze metal and epoxy resin because of the shrinkage of the curing epoxy resin. The resin side of the Ag-Cu-Ti braze metal corresponds to the surface of the melted braze metal, which overflowed from the h-BN/WC-Co interface and was exposed to the Ar atmosphere. In (b), the distribution of oxygen was limited to the epoxy resin area and was not observed in the Ag-Cu-Ti braze metal. In (c) and (d), the distributions of silver and copper were the same as that of the braze metal area, as shown in the SEM image. The distribution of titanium is shown in (e). In (f) and (g), the distributions of boron and nitrogen were the same as that of the h-BN area. In (e), most of the titanium existed at the interface between the h-BN and Ag-Cu-Ti braze metal, and overlap of the distribution of nitrogen and titanium was observed, as shown in (g), which suggested the formation of a reacted layer of Ti-N intermetallic compound [5] ; and the rest of the titanium was in the bulk of the braze metal, which overlapped the concentration of copper shown in (d). In the high-concentration regions of titanium and copper, the concentration of silver was low in contrast with titanium and copper. These results showed a similar tendency to that of the former study with evacuation [12] . From (b) and (e), the distributions of oxygen and titanium were not overlapped, which was apparently distinguished due to the existence of the space between the Ag-Cu-Ti braze metal and resin. These facts show that the oxidation layer was not observed at the surface of the melted braze metal. In (h), the concentration of tungsten was low, and its detection was at background level. In (i), the distribution of carbon was limited to the epoxy resin area. In (j), the concentration of cobalt was low, and its detection was at background level in the same way as tungsten. Figure 7 shows surface SEM observation of Ag-Cu-Ti braze metal lump and its map analysis using electron probe micro-analysis. In (a), small white spots are considered as contamination on the surface of Ag-Cu-Ti braze metal from their forms. In (b), the concentration of oxygen was low and its detection was at background level, and a significant concentration of oxygen was not observed. In (c), (d) and (e), the distribution of silver, copper and titanium, which were elements of braze metal, were the same as that of the braze metal area as shown in the SEM image of (a). In the highconcentration regions of titanium and copper, the concentration of silver was low in contrast with titanium and copper. In (f) and (g), the concentrations of boron and nitrogen were low and their distributions were restricted to small white spots which were considered as contamination on the surface. In (h), (i) and (j), the concentrations of tungsten, carbon and cobalt, which were elements of WC-Co, were low and their detection was at background level. Figure 8 shows cross-sectional SEM observation and its map analysis of the central area of an h-BN / Ag-Cu-Ti braze metal interface. In Figure 8 (a), the upper area is h-BN as indicated, and the lower gray area shows Ag-Cu-Ti braze metal. In (b), oxygen was not observed at the interface. Silver near the interface in the same area of (a) is shown in (c) and also copper is shown in (d). In (e), the distribution of titanium was concentrated at the interface. In (f) and (g), the distributions of boron and nitrogen were the same as that of h-BN area, as shown in the SEM image of (a). From these element distributions, titanium concentration near the interface was apparently observed, of which the thickness was about 2-5 μm. The interface between h-BN and Ag-Cu-Ti was very complicated. It is presumed that the molten Ag-Cu-Ti braze metal infiltrated into open pores of the h-BN surface. These results showed a similar tendency to that in the former study with evacuation [12] . In (h), (i) and (j), the distributions of tungsten, carbon and cobalt, which are elements of WC-Co, are shown. Concentrations of tungsten and cobalt were low, at background level. In (i), the concentration of carbon was observed in the ragged area of h-BN as shown in the SEM image of (a), which was considered to be contamination remaining from the polishing material. In (j), the concentration of cobalt was low, at background level. Figure 9 shows XRD profiles of the samples at the interface of the h-BN / Ag-Cu-Ti braze metal without evacuation and with evacuation [12] in the central area of the interface. Among the strong peaks of h-BN, WC-Co and silver, which resulted from bulk ceramics, WC-Co and braze metal elements, respectively, some peaks from titanium nitride were found to exist at the interface. These weak peaks were indexed as TiN [2, 6, 10] in both cases. Oxide peaks such as TiO 2 were not observed even in the case without evacuation. 
The surface condition of Ag-Cu-Ti braze metal
The interface condition between h-BN and Ag-Cu-Ti braze metal
Shear strength test
After cross-sectional and non-destructive examinations, a shear strength test of the dissimilar joint was performed. Figure 10 shows the Weibull distribution of shear strength tests of h-BN / Ag-Cu-Ti braze metal and h-BN, which was plotted using the median rank method. In all tests, fracture occurred at h-BN side of the specimen near the interface. The difference between the maximum and minimum shear strengths was about 4-5 MPa. The distributions of shear strength were spread widely and could be approximated by the line formula as shown. The average shear strength μ was 8.0 MPa, which showed similar strength to that obtained by supplying Ar gas after evacuating the chamber before brazing [12] . 
Discussion
As shown in Figure 3 , the maximum bottom temperature of WC-Co alloy in this case was about 70 K lower than for the case with an evacuation process of the chamber before brazing [12] . It is assumed that this decrease in temperature results from the difference in cooling effect with the flow rate of Ar. However, Ag-Cu-Ti braze metal was melted, and a reaction layer at the interface was formed as shown in Figures 4, 6 and 8. These facts indicate that the brazing condition in this study is sufficient to melt the Ag-Cu-Ti braze metal and make the joint. Figure 4 shows that the Ag-Cu-Ti braze metal, which flowed out from the interface between h-BN and WC-Co, had a metallic lustre. This fact shows that a large amount of titanium oxide did not exist at the surface of the Ag-Cu-Ti braze metal, even when only Ar gas was supplied at a flow rate of 10 L/min without evacuating the chamber before brazing.
From Figure 6 (a), the upper right area of Ag-Cu-Ti braze metal was exposed to Ar gas. If the remaining amount of oxygen in Ar gas flow atmosphere was sufficient to react with titanium in the braze metal, titanium oxide would be formed, but the distribution of oxygen in (b) showed that the oxidation layer was not observed at the surface of the braze metal. In addition, from Figure 7 (b), the concentration of oxygen was low and its detection was at background level, and a significant concentration of oxygen was not observed in the surface elemental analysis. Thus, it is considered that the oxidation layer at the surface of the braze metal over sub-micrometre order, which is the minimum limit of detection of EPMA, was not observed. In the conventional dissimilar brazing process, a vacuum furnace is commonly used to avoid oxidation of Ag-Cu-Ti braze metal during a long brazing period. In contrast, the laser brazing process enabled the realization of a good braze metal joint without oxidation by supplying only Ar gas at a flow rate of 10 L/min, even without evacuating the chamber before brazing.
In Figures 6 and 8 , the concentrations of tungsten, carbon and cobalt were low and it is considered that they have little or no effect on the interfacial reaction compared to the former study [12] . In Figure 7 , the concentrations of tungsten, carbon and cobalt were low and their detection was at background level, and these concentrations are considered that they have little or no effect on the surface reaction of Ag-Cu-Ti braze metal. Figures 8 to 10 indicate that the brazing behaviour [2, 34, 35] and the average shear strength were similar to those in the former study [12] even when supplying only Ar gas at a flow rate of 10 L/min without any evacuation process of the chamber before brazing.
Conclusions
(1) The laser brazing of h-BN and WC-Co alloy using Ag-Cu-Ti braze metal as an active element of titanium could be achieved only in a high-purity Ar gas flow atmosphere in a chamber without any evacuation process. (2) Oxidation of titanium was not observed, and titanium existed as Cu-Ti composite in Ag-Cu-Ti braze metal near the edge of the braze metal. (3) Average shear strength calculated from the interface area was 8.0 MPa, which showed similar strength to that obtained by using an evacuation process.
